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Abstract Techno-economic development of chemical looping combustion (CLC) process has been one of the most
pursued research areas of the present decade due to its ability to reduce carbon foot print during utilization of coal to
generate energy. Based on a 2D computational fluid dynamics model, the present work provides a computational approach
to study the effect of operating pressure—a key parameter in designing of CLC reactors, on optimum operating conditions.
The effects of operating pressure have been examined in terms of reactors temperature, percentage of fuel conversion and
purity of carbon dioxide in fuel reactor exhaust. The simulated results show qualitative agreement with the trends obtained
by other investigators during experimental studies.
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Abbreviations
Ar Pre-exponential factor
br Temperature exponent
Di,m Diffusion coefficient for the ith species in the
mixture
e The rate of dissipation
ER Activation energy for the reaction
F
! External body forces and also contains user-defined
terms
Gb The generation of turbulence kinetic energy due to
buoyancy
Gk Generation of turbulence kinetic energy due to
mean velocity gradients
h0i Standard-state enthalpy (heat of formation) which
are specified as properties for every species
Ji
! Diffusion flux of the ith species
Jj
! Diffusion flux of species j
K Turbulent kinetic energy
kb,r Backward rate constant for reaction r
kf,r Forward rate constant for reaction r
kt Turbulent thermal conductivity
lt Turbulent viscosity
Mw,i Molecular weight of ith species
N Number of chemical species in the system
P Static pressure
patm Atmospheric pressure (101.325 kPa)
Prt Turbulent Prandtl number for energy
q g! Gravitational body force
R Universal gas constant
Ri Net rate of production of species i by chemical reaction
Ri;r
z}|{ Arrhenius molar rate of creation/destruction of
species ith in reaction r
re Turbulent Prandtl number for e
rk Turbulent Prandtl number for k
Se User defined source term
Sh The heat of chemical reaction and any other
volumetric source by user defined function
Si Rate of creation by addition from dispersed phase
plus any user defined sources
S0i Standard-state entropy which are specified as
properties for every species
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Sk User defined source term
Sm Mass added to continuous phase from second phase
or any user-defined sources
s Stress tensor
C The net effect of third bodies on the reaction rate
1 Introduction
Escalation of greenhouse gas emission and its contribution
towards global warming due to prevalent power generation
technologies using fossil fuels is a burning problem for
mankind. The recently published IPCC report (Barros et al.
2015) also advocated for reduction in the release of
greenhouse gases as a solution to it. The deteriorating
quality of fossil fuel and lack of proper technology to use
such fuels that will arrest carbon dioxide emission in the
power generating plants has further complicated the above
problem. From the last decade, various efforts are being
made for the development of technologies with total carbon
capturing facilities such as chemical looping combustion.
The history of chemical looping process dates back to
1951 when Lewis and Gilliland proposed a patented pro-
cess in which carbonaceous materials can be oxidize as fuel
to generate pure carbon dioxide. In the chemical looping
combustion process, carbonaceous fuel, such as coal; first
reacts in a fuel reactor with a metal oxide which acts as an
oxygen carrier and subsequently gets reduced to metal. The
above reaction yields carbon dioxide and steam as products
from which carbon dioxide is readily separable by con-
densing steam. The reduced metal in the fuel reactor is
oxidized again by air in air reactor for its regeneration to
metal oxide. The metal oxide is then recycled back to the
fuel reactor for reuse. The cyclic process is shown as in
Fig. 1.
Fig. 1 Cyclic chemical looping process
The continued development of clean technologies for
power generation are pushing the limits of chemical
looping combustion process, by improving reactors, fuels,
oxygen carriers, etc., through research (Lyngfelt 2011).
Xiao et al. (2010) have investigated the pressurized
chemical looping combustion by using Chinese bituminous
coal in a medium-pressure, high temperature fixed bed
reactor with iron (Companhia Valedo Rio Doce iron ore)
ore as oxygen carrier. They also estimated the effect of
operating pressure and concluded that pressurized condi-
tion suppresses the initial reaction of coal pyrolysis while it
enhances the coal char gasification and reduction of iron
ore in steam. Thus, limited pressurized chemical looping
combustion has a potential to exhibit added advantage.
Labiano et al. (2006) have analyzed the effects of reactor
parameters on Cu, Fe, and Ni based oxygen carrier in
syngas fueled chemical looping combustion and concluded
that the dependence of reaction rates on temperature has
been low while total pressure has a negative effect on
oxygen carrier reactions.
Abad et al. (2013) developed a mathematical model,
only for the fuel reactor, to determine the effect of key
parameters such as reactor temperature, solids circulation
rate and solid inventory on the efficiency of carbon dioxide
capture. They validated their simulated results against a
100 kWth chemical looping combustion unit. Their result
showed carbon dioxide capture efficiency as 98.5 % when
operating temperature of fuel reactor was 1000 C. Thun-
man et al. (2004) developed model for large scale fluidized
beds using kinetic data obtained from chemical looping
experiments at lab-scale. Their model was used to evaluate
the performance of large scale fuel reactor including the
effect of variation in different inputs, operation strategies
such as locations of feeding point for oxygen carriers and
fuels, physical properties of oxygen carriers and fuel, and
operating condition such as fluidization velocity and pres-
sure drop. Jin et al. (2009) developed CFD model for
chemical looping combustion using hydrogen as fuel and
CaSO4 as an oxygen carrier incorporating reaction kinetics.
They studied the effects of partial pressure of hydrogen on
the system performance and concluded that higher partial
pressure accelerated the reaction rate.
Wadhwani (2014) discussed the development of a CFD
based model for the pilot plant described by Kim et al.
(2013) using coal and iron (III) oxide as an oxygen carrier.
For commercial development of CLC process, computa-
tional model of the process is a necessity to study the
physical and chemical behavior of the process and to
optimize the operating parameters.
From the above piecemeal studies it has been estab-
lished that operating pressure is a key parameter affecting
the efficiency of different segments of the process. How-
ever, in above studies, its integrated effect on complete
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process is missing. Thus, the present work attempts to fill
this gap by developing a computational model for complete
process to study the effect of operating pressure on the
process as whole. For this, the process described by Kim
et al. (2013) was considered. Further, this work utilizes the
geometry developed by Wadhwani (2014) for the pilot
plant reported by Kim et al. (2013) and a 2D model of the
system developed on the basis of equivalent volume for
various sections of plant unit. A preliminary study by
Wadhwani (2014) shows that the number of reactions
employed by Kim et al. (2013) does not help in developing
accurate model. A set of significant reactions (discussed in
Table 6) which were reported by Wadhwani (2014) when
included showed better prediction of pilot-plant results had
been considered in the present work. The simulated results
showed a qualitative agreement with the results obtained
by different investigators during study of the effect of
operating pressure on different segments of the CLC pro-
cess (Lee et al. 1991; Labiano et al. 2006; Xiao et al. 2010;
Abad et al. 2013).
2 Problem description
The 2D model of the system is developed on the basis of
equivalent volume for various sections of plant unit dis-
cussed and shown in Fig. 2 and is taken from Wadhwani
(2014). The geometrical parameters are tabulated in
Table 1. The CFD model is developed for two fuels namely
sub-bituminous coal (SBC) and metallurgical coke (MC)
discussed by Kim et al. (2013) and are used one at a time in
the pilot plant with ferric oxide as an oxygen carrier.
Table 2 provides the details about the properties of
oxygen carrier that has been used in the pilot plant devel-
oped at Ohio State University, USA and also considered for
the present study. Tables 3 and 4 describe the proximate
analysis and ultimate analysis (on dry basis) for two types
of coal i.e., MC (average particle size 36.5 lm) and SBC
(average particle size 89.8 lm) respectively that were used
for the pilot plant described by Kim et al. (2013) and also
for the present investigation for comparison of results in
Wadhwani (2014).
3 Model development
A 2-D CFD model for inter-connected system of fuel and
air reactors to simulate CLC process was solved using the
computational software, FLUENT 6.3.26 and mesh for the
above assembly was developed using GAMBIT 2.3.16. The
solid–gas mixture contains solid particles (as fuel and
oxygen carrier in the range of 36–1500 lm particle size)
with gases present in the system (due to injection and
creation from the reaction). The amount of gases in this
solid–gas mixture amounts more than 94 % by volume.
Due to the above fact, this mixture is assumed to flow as a
fluid inside both the reactors and their inter-connecting
parts while solids remain in fluidized state. The kinetic
Fig. 2 Sub-pilot chemical looping system
Table 1 Geometry parameters
Fuel reactor height 3.37 m
Fuel reactor diameter 0.34 m
Air reactor height 1.88 m
Air reactor diameter 0.33 m
Tube diameter 0.11 m
Riser height 4.68 m
Cyclone separator total height 0.62 m
Cyclone separator diameter 0.28 m
Table 2 Properties of oxygen carrier
Reactive oxygen carrier Fe2O3
Weight content of reactive oxygen carrier 40–60 %
Particle size of oxygen carrier 1.5 mm
Supporting oxygen carrier Al2O3
Density of oxygen carrier 4724 kg/m3
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parameters of solid–solid reactions were incorporated in
the model to simulate real system. Eighteen sets of reaction
are incorporated for the present CFD model as suggested
by Wadhwani (2014) out of which eleven sets of reaction
were same as proposed by Kim et al. (2013). Before a
complicated two phase CFD model was selected for the
accurate analysis of the present problem, it was thought
logical to use the least complicated model as the system
handles large volume of gaseous species (about 94 % by
volume) which makes the solid–gas mixture flow like a gas
mixture only. Further, in such a situation incorporation of
kinetic parameters for reaction between solid and solid in
the proposed model would cause no loss of accuracy even
if a complicated two phase model is not considered in its
place. Thus, the Species-Transport model with volumetric
reactions was used in the present model to validate the pilot
plant data which in fact predicted the results considerably
well.
Following governing equations were solved on FLU-
ENT 6.3.26 for the present model:
Mass conservation equation The equation for mass
conservation/continuity equation can be written as:
oq
ot
þrðq v!Þ ¼ Sm ð1Þ
The mass conservation Eq. (1) is valid for compressible
and incompressible flows.
(1) For momentum conservation equations:
In an inertial frame, the momentum conservation
equation is described as below Eq. (2):
oðq v!Þ
ot
þr:ðq v! v!Þ ¼ rpþr:ðsÞ þ q g!þ F!
ð2Þ
s ¼ l ðr v!þr v!TÞ  2
3
r: v!I
 
: ð3Þ
(2) For energy conservation equation
The conservation of energy is defined by the
following Eq. (4):
oqE
ot
þr:ð v!ðqE þ PÞ
¼ r: jeffrT 
X
j
hj Jj
!þ ðseff : v!Þ
 !
þ Sh ð4Þ
E ¼ h P
q
þ v
2
2
ð5Þ
For ideal gases as:
h ¼
X
j
Yjhj ð6Þ
And at Tref = 298.15 K, hj is defined as:
hj ¼
Z T
Tref
CP;jdT ð7Þ
(3) For species transport equations:
The local mass fraction of each species (Yi) through
the solution of a convection–diffusion equation for
the ith species is solved. It takes the following
general form:
o
ot
ðqYiÞ þ r:ðq v!YiÞ ¼ r:Ji!þ Ri þ Si ð8Þ
(4) For mass diffusion in Laminar flows:
In the above Eq. (8), which arises due to concentra-
tion gradients; in the present model, dilute approx-
imation was assumed, which is defined as follows:
Ji
!¼ qDi;mrYi ð9Þ
For the Laminar finite-rate model:
The net source of chemical species ith, due to
reaction is computed as the sum of the Arrhenius
reaction sources over the NR reactions, the species
participate in:
Ri ¼ Mw;i
X
NR
r¼1
Ri;r
z}|{
ð10Þ
The forward rate constant kf,r for reaction r, is
computed using the Arrhenius expression
Table 3 Proximate analysis of fuels (%)
Proximate analysis (dry basis)
MC SBC
Ash 16.99 % 11.38 %
Volatile matter 8.55 % 39.57 %
Fixed carbon 74.47 % 49.05 %
Calorific value 28108 kJ/kg 26047 kJ/kg
Calorific valuea 33857 kJ/kg 29391 kJ/kg
Moisture 2.69 % 10.53 %
a Moisture and ash free
Table 4 Ultimate analysis of fuels (%)
Ultimate analysis (dry basis)
MC SBC
Carbon 75.89 65.5
Hydrogen 1.62 4.41
Nitrogen 0.78 0.78
Sulfur 0.5 0.77
Oxygen 4.22 17.16
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kf ;r ¼ ArTbreER=RT ð11Þ
For reversible reactions, the backward rate constant
kb,r for reaction r, is computed from the forward rate
constant using the following relation:
kb;r ¼ kf ;r
Kr
ð12Þ
kr ¼ e
DS0r
R
DH
0
r
RT
 
patm
RT
 X
N
i¼1
v00i;r  v0i;r
 
ð13Þ
where
DS0r
R
¼P
N
i¼1
ðv00i;r  v
0
i;rÞ and, rH
0
r
RT
¼P
N
i¼1
v00i;r  v0i;r
 
h0i
RT
(5) For reactions kinetics:
The coal devolatilization reaction (Reaction 1) dis-
cussed by Kim et al. (2013) mainly occurs in the fuel
reactor and is numerically deduced (Reactions 1.1,
1.2) from Govind (2012) and Strezov et al. (2000)
for the present study. In Table 5, 11 reactions
proposed by Kim et al. (2013) are described along
with their kinetics; while in, Table 6 additional
significant reactions with their kinetics are
described. Preliminary study (Wadhwani 2014)
showed that the amount of Fe3O4 formed in fuel
reactor was very less in molar concentration and
thus, its formation and reaction have been ignored in
the present study.
(6) For effect of pressure:
The present model uses Lindemann form to
represent the rate expression in pressure depen-
dent reactions which makes a reaction dependent
on both pressure and temperature. In Arrhenius
form, the parameters for high pressure limit (k)
and low pressure limit (klow) are described as
follows:
k ¼ ArTbeE=RT ð14Þ
klow ¼ AlowTbloweElow=RT ð15Þ
The net rate constant at any pressure is given by,
knet ¼ k pr
1þ pr
 
F ð16Þ
pr ¼ klow½M
k
ð17Þ
[M] is conc. of gas mixture, and function F is unity
for Lindemann form.
(7) For the standard k-e turbulence model:
The standard k-e turbulence model described by
Launder and Spalding in 1974 was used for the
present study.
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o qkð Þ
ot
þ o qkuið Þ
oxi
¼ o
oxi
lþ lt
rk
 
ok
oxj
 
þ Gk þ Gb
 q2 YM þ Sk ð18Þ
o qeð Þ
ot
þ o qeuið Þ
oxi
¼ o
oxi
lþ lt
rk
 
oe
dxj
 
þ C1e e
k
Gk þ C3eGbð Þ
 C2eq e
2
k
þ Se ð19Þ
(8) For mass-weighted average of rate of reaction:
The mass-weighted average of rate of reaction are
computed by dividing, the summation of the values
of the rate of reaction multiplied by the absolute
value of the dot product of the facet area and
momentum vectors, by the summation of the abso-
lute value of the dot product of the facet area and
momentum vectors as given in Eq. (20):
R
Rr
z}|{
q v! d A!






R
q v! d A!






¼
Pn
i¼1 Ri;r
z}|{
qi vi
!:Ai!






Pn
i¼1 qi vi
!:Ai!






ð20Þ
4 Solution technique
The sub- pilot plant dimensions were taken from the
mechanical drawing of the sub-pilot plant described in Kim
et al. (2013) on equivalent volume basis. The boundary
condition for air inlet and coal inlet were defined as
velocity inlet and mass flow inlet respectively whereas, that
for fuel reactor exhaust and cyclone exhaust it were defined
as pressure outlets Further, no slip conditions was kept at
wall boundary. The grid independency test was carried out
on mesh size ranging from 0.005 to 0.025 (m) at steps of
0.005 (m), based on grid independence test grid size of 0.01
(m) was selected. Unsteady state simulation with a time
step of 0.001 s and 40 iteration/time step was selected. In
Table 7, other details of solution techniques are listed.
5 Results and discussion
In this section, result obtained from the 2D CFD simulation
study of CLC process using MC and SBC as fuels are
discussed. It draws a considerable inferences from the
preliminary study conducted by Wadhwani (2014) which
showed that the simulation of chemical looping combus-
tion process using eleven reaction as proposed by Kim
et al. (2013) were not adequate enough to validate the pilot
plant data accurately. Further, an in-depth study Wadhwani
(2014) revealed that there is a need to include seven more
significant reactions as discussed in Table 6 to describe the
process accurately for developing a computational model
for CLC process which is used for the present
investigation.
Figure 3 shows that for pressure ranging from 5 to
25 atm, the coal devolatilization reaction (Reaction no. 1
(1.1/1.2) of Table 5) is one of the most dominating reac-
tions taking place in the fuel reactor. Figure 3a, b shows
the variation of mass average rate of reaction (calculated
using Eq. 20) with pressure for the most dominating
reactions (Reaction Nos. 1, 13, 14) that are taking place in
fuel reactor for MC and SBC respectively. The negative
effect of pressure on coal devolatilization is due to the
external pressure exerted on volatile species escaping in
this process (Lee et al. 1991). Further, the effect of pressure
on water gas shift reaction (Reaction 13) is negligible due
to Le Chaˆtelier’s principle whereas, it has a negative effect
on steam reforming reaction (Reaction 14).
Table 6 Other significant reactions for coal direct chemical looping
process
Reaction no. Reaction ER (J/kmol)
12. Cþ 2H2 ! CH4 1.5 9 108
13. COþ H2O CO2 þ H2 1.26 9 107
14. CH4 þ H2O COþ 3H2 3 9 107
15. Cþ O2 ! CO2 1.794 9 108
16. COþ 0:5O2 ! CO2 1.674 9 108
17. 2FeOþ H2O ! Fe2O3 þ H2 7.79 9 107
18. 2H2 þ O2 ! 2H2O 2.852 9 107
Table 7 Computational and simulation parameters for the present
study
Parameters Value
Operating pressure 5–25 atm
Air inlet velocity 0.005 m/s
Fuel flow rate for MC 1.18 kg/h
Fuel flow rate for SBC 1.30 kg/h
Air and fuel inlet temperature 320 K
Carrier CO2 gas flow rate 10 LPM
Model parameters
Solver Unsteady state, 2nd order implicit
Discretization scheme Second order upwind
Pressure velocity coupling SIMPLE
Convergence criterion 10-5
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Figure 4 shows the effect of simulated operating pres-
sure on key parameters such as reactors temperature, fuel
conversion and carbon dioxide purity in the fuel reactor
exhaust when MC is used as a fuel. The simulation results
showed negative impact of operating pressure on the
temperature of fuel reactor and air reactor. As suggested by
Labiano et al. (2006), during their experiment on limited
pressurized operation, an increased pressure during the
startup helps to improve the reduction reactions of oxygen
carrier (similar to reaction Nos. 2 & 4) while at the later
stage it exhibits a negative impact on coal devolatilization
reaction. Similar effects were observed for SBC by Lee
et al. (1991) also. Further, as per the simulation results of
present investigation, an increase in operating pressure
increases the purity of carbon dioxide while, it decreases
the percentage fuel conversion.
Similar to Figs. 4 and 5 shows the effect of operating
pressure on key parameters such as reactors temperature,
fuel conversion and carbon dioxide purity in fuel reactor
exhaust is shown when SBC is used as a fuel. The
simulation results showed negative impact of operating
pressure on the temperature of fuel reactor and air reactor
as has already been observed in the case when MC when it
is used as a fuel. Further, an increase in operating pressure
increases the purity of carbon dioxide while, it decreases
the percentage fuel conversion when SBC is used as a fuel.
This observation is also similar to the simulated results
when MC is used as a fuel. Thus, both fuels SBC and MC,
show similar trends with variation in pressure.
For an optimal condition, the temperature of the reactors
should be high enough to provide sufficient energy to keep
endothermic reactions (reduction reaction) of oxygen car-
rier going. The higher value of carbon dioxide purity and
fuel conversion are the desired objective of this process,
and thus a trade-off between these two parameters based on
economics of the process is required to select the optimal
operating pressure. Higher value of operating pressure can
be selected in case of SBC fuel as compared to MC fuel as
can be seen from Figs. 4 and 5 respectively. This is pri-
marily due to higher conversion values observed for SBC
as a fuel even at high operating pressures. Fuel and air
reactor temperatures, when SBC is used as a fuel, are more
than when MC is used as a fuel. This is despite of the fact
that SBC offers lower calorific value than MC and thus
during operation (using SBC) it engages more amount of
fuel in inlet in comparison to the operation when MC is
used as a fuel. The percentage change in carbon dioxide
purity for MC and SBC with change in pressure in the
simulated range is approximately *2 % and *3 %
respectively. The percent change in carbon dioxide purity
with change in pressure for El Cerrejo´n coal with ilmenite
(FeTiO3) as an oxygen carrier is also found to be *3 %
which provides a quantitative agreement of the simulated
result with experimental values Abad et al. (2013).
Fig. 3 Effect of pressure on most dominating reaction in fuel reactor
section. a For MC. b For SBC
Fig. 4 Effect of operating pressure on MC for chemical looping
combustion
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6 Conclusion
The simulated results obtained through the simple 2D CFD
Species-Transport model with volumetric reactions devel-
oped in the commercial CFD software shows similar
behavior observed in experimental studies discussed in
literature. The CFD model provides a cost-effective
method to developed CLC process and optimum operating
conditions. The operating pressure has a negative effect on
reactor temperatures (fuel and air reactor), and the rate of
decrease in reactor temperature increases at higher pres-
sure. The efficacy of CLC process lies on the higher value
of two key parameters i.e., purity of carbon dioxide in fuel
reactor exhaust and fuel conversion. The carbon dioxide
purity in fuel reactor exhaust and fuel conversion increases
and decreases respectively, with increase in operating
pressure. The opposite effect of operating pressure on
above two key desired parameters requires a trade-off to
select the optimum operating pressure.
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Fig. 5 Effect of operating pressure on SBC for chemical looping combustion
Effects of operating pressure on the key parameters of coal direct chemical looping combustion 27
123
